The Palmer Drought Severity Index (PDSI) has been used for more than 30 years to quantify the long-term drought conditions for a given location and time.
Introduction
The Palmer Drought Severity Index (PDSI) (Palmer, 1965) was one of the first procedures to demonstrate success at quantifying the severity of droughts across different climates. Palmer's objective was to "develop a general methodology for evaluating (the drought) in terms of an index which permits time and space comparisons of drought severity" (Palmer, 1965) . Instead of being based purely on precipitation, the PDSI is based upon a primitive water balance model. As detailed in Section 2, the basis of the index is the difference between the amount of precipitation required to retain a normal water-balance level and the amount of actual precipitation. The other parts of the PDSI calculation account for climatic differences between locations and seasons of the year. These computations attempt to scale the index values so that they fit Palmer's 11 categories, shown in Table 1 , and allow for comparisons across time and space.
In the years since its development, the PDSI has become a standard for measuring meteorological drought, particularly in the United States. There have been many criticisms of the PDSI over the years, but perhaps one of the most common complaints is that PDSI values are not comparable between diverse climatological regions. The performance of the PDSI in the Western United States has been particularly poor. This work addresses the spatial comparability problem identified by Karl (1983 Karl ( , 1986 , Alley (1984) , Heddinghaus and Sabol (1991) , and Guttman et al. (1992) .
Palmer calculated empirical constants for the climatic characteristic and the duration factors used in the computation of the PDSI, which directly affect the spatial comparability of the index, by averaging the values from only a few locations representing a small number of climates.
These averaged values of the climatic characteristic and the duration factors have since become a fixed part of the calculations of the PDSI, regardless of the climate in which it is used. Advances in computing technology make it possible to improve the performance of the PDSI by dynamically replacing the averaged constants with values based on the characteristics of the local climate. This is achieved by correctly weighting the climatic characteristic, which affects the range of PDSI values, and the automatic calculation of the duration factors, which adjusts the sensitivity of the index. These two modifications cause the index to behave in a consistent, predictable manner, as well as to more realistically represent the climates of diverse locations.
While the procedure presented here for calculating the PDSI is different from Palmer's original procedure, it does not stray from his objective. By simply automating the processes that Palmer used to derive the empirical constants used in his procedure, it does what Palmer might have done, had he been given access to today's computing resources. In a sense, the new procedure for calculating the PDSI is simply a modern implementation of Palmer's ideas. By following Palmer's example, a Self-Calibrating PDSI (SC-PDSI) has been created that will behave as he intended and, more importantly, as decision makers and researchers expect it to.
A Brief Review of Palmer's Procedure
The procedure Palmer developed will be referred to many times throughout this study, so for the sake of convenience, an abbreviated explanation of his procedure has been included. The following explanation is based directly on Palmer's paper (Palmer, 1965) , which describes in detail how to calculate the PDSI on a one-month time step.
Each month of every year, four values related to the soil moisture are computed along with their complementary potential values. These eight values are evapotranspiration (ET), recharge (R), runoff (RO), loss (L), potential evapotranspiration (PE), potential recharge (PR), potential runoff (PRO), and potential loss (PL). The potential evapotranspiration is estimated using Thornthwaite's method (Thornthwaite and Mather, 1948) . The calculation of these values depends heavily on the available water holding capacity (AWC) of the soil. The PDSI itself depends on a two-stage "bucket" model of the soil. The top layer of soil is assumed to hold one inch of moisture. The amount of moisture that can be held by the rest of the underlying soil is a location dependent value, which must be provided as an input parameter to the program.
The four potential values are weighted according to the climate of the area using α,β,γ, and δ to give the CAFEC (Climatically Appropriate For Existing Conditions) potential values. The weighting factors α,β,γ, and δ are called the water-balance coefficients and are found in the following manner:
where i ranges over the months of the year. The bar over a term indicates an average value. For example, the average loss is computed for January by:
The CAFEC potential values are combined to form the CAFEC precipitation, P , which represents the amount of precipitation needed to maintain a normal soil moisture level for a single month:
The difference between the actual precipitation that fell in a specific month and the computed CAFEC precipitation is the moisture departure, denoted d: 
The value of 17.67 in (2) is an empirical constant that Palmer derived using data from nine different locations in seven states (Palmer, 1965) . The purpose of the climatic characteristic, K is to adjust the value of d according to the characteristics of the climate in such a way as to allow for accurate comparisons of PDSI values over time and space.
The result of multiplying the moisture departure, d, by K is called the moisture anomaly index, or the Z-index, and is denoted by Z, as shown in (3).
The Z-index can be used to show how wet or dry it was during a single month without regard to recent precipitation trends. The Z-index is used to calculate the PDSI value for a given month using the general formula shown in (4). 
A Method for Calibrating the PDSI
The SC-PDSI replaces the empirically derived climatic characteristic (K) and duration factors (0.897 and 1/3) with values automatically calculated based upon the historical climatic data of a location. This section explains how these values are computed as part of the SC-PDSI.
a. Climatic Characteristic
The moisture departure, d, does not accurately reflect how and to what extent the lack (or excess) of moisture affects a region. To correct for this, the PDSI is based on the moisture anomaly, Z (or Z-index), which is the product of the moisture departure and the climate characteristic, K, as shown in (3). The role of the climate characteristic is to correct for the natural aberrations that appear in the moisture departure due to the climate of the region and how it changes with the seasons.
There are two clear parts to (2), the first being the ratio K , shown in (5), and the second being K ′ of (1).
The climate characteristic must vary over both time and space to account for the changes in the climate. K ′ approximates the average precipitation and conditions of the soil of each month, so it will vary from one month to the next. K , however, only varies over space. The criticisms of the PDSI have revolved around its inconsistencies from one location to the next, rather than over time at a single location. Altering the ratio shown in (5) addresses the spatial inconsistencies of the PDSI without changing the way it handles seasonal changes in the climate.
The denominator of (5) is the product of the average absolute value of the moisture departure, d, and K ′ , summed over the twelve months of the year. The product of d and K ′ is a first-order approximation of the moisture anomaly, Z, for a given month. Thus, the denominator of (5) can be viewed as an approximation of the annual sum of the average absolute value of Z over a 12-month period. Let
The numerator of (5) 
Equation (7) for K has a major problem because one would expect the average PDSI value to be zero. Instead of using the central tendency of the PDSI distribution, as (7) 
To calculate K, as it is defined in (9), the PDSI must first be calculated using Z = d⋅K′ where K ′ is computed using (1). After computing this first-order approximation of Z, the 2 nd and 98 th percentile of PDSI values are used to compute K with (9), and then the PDSI is re-computed.
The climatic characteristic, as it is defined in (9), is computed using the method Palmer used but based on the definition of the index instead of an average value derived from a set of sites. This removes from the climatic characteristic, and therefore from the index itself, the dependence on the climatic conditions that were experienced at the nine locations used in Palmer's study. Instead, the climatic characteristic is based solely on how the climate of the location, namely the range of its moisture departures, d, is related to the defined range of the PDSI. This is reasonable, because the climate characteristic is intended to map the moisture departures to the appropriate values of the Z-index such that the PDSI matches its defined behavior.
A side effect of this method is that the climate characteristic, and therefore the value of the index itself, is now based on the historical record of a location. That means that changing the length of the record over which the PDSI is calculated will change the values of the index. In other words, the index values in 2000 will be different if they are calculated using data from 1975-2000 than they would be if calculated using data from 1948-2000. Therefore, it is important to note the period of record used the analysis of the PDSI. The current version of the SC-PDSI supports an option that defines the calibration interval; by default, the entire historical record is used.
b. Duration Factors
The PDSI is an accumulating index, that is, an index where each successive value is based on the preceding value. Specifically, any given PDSI value X i is a weighted sum of the previous PDSI value X i-1 , which represents the current climate trend or spell, and the current moisture anomaly Z i , which represents how wet or dry it has been over the current period. The weights given to each of these two components are determined by the duration factors, represented by the variables p and q in (10).
In practical terms, the duration factors determine how sensitive the index is to precipitation and the lack thereof. Equation (10) is a generalization of (4) in which p = 0.897 and q = 3 1 . These constants directly affect the sensitivity of the index. For example, if p is larger and q smaller, the index will be less sensitive to sudden changes in the precipitation. Thus, the problem is to compute duration factors that are appropriate for a given location. We begin with a brief explanation of how Palmer computed the duration factors of 0.897 and 3 1 used in (4). We then explain how the SC-PDSI automatically computes duration factors whenever it is computed for a given site.
1) PALMER'S DURATION FACTORS
Palmer defined his duration factors based on the linear relationship found using empirical methods between the length and severity of the most extreme droughts he studied in Kansas and Iowa. To estimate the severity of a drought, he summed the Z-index over the periods of severe droughts and plotted the summation (severity) against the duration, as shown in Fig 
For a given PDSI value X t , these linear relationships can be expressed using (15), which reduces to Eqs. (11) through (14) for PDSI values of X t = -4, -3, -2, and -1 respectively. Equation (15) can also be used to describe the linear relationship assumed for positive PDSI values since Palmer used the same duration factors for deficit and excess moisture conditions-even though he only calibrated his index to extreme drought conditions. Equation (15) can be further generalized to the basic slope intercept form describing the linear relationship between the summation of the Z-index and the current PDSI value, as shown in (16), where m is the slope of the line and b is the y-intercept.
As previously described, Palmer calibrated his index using the most severe droughts of various durations, which were assigned an index value of -4. Thus, Palmer found the slope and y-intercept of the "best-fit" line fitting the Z-index plots of these droughts. After finding the slope and y-intercept of the most severe droughts, Palmer simply divided these values by -4 (his calibration index) and multiplied them by the other indices he used to categorize wet and dry spells (i.e., 4, 3, 2, …, -3).
Although Palmer calibrated his index using "-4" droughts, the index could be calibrated to any category of drought or wet spell. The general formula for doing this is shown in (17) Comparing (18) to (10) shows that the duration factors, as defined in (10) 
Thus, the index can be calibrated for any dry or wet category, specified as C, as long as m and b can be computed.
Although Palmer calibrated his index with C = -4 and used the same duration factors for wet and dry spells, this process can be repeated to find separate duration factors for wet periods by finding the linear relationship between the intensity of extreme wet spells and their respective lengths. This is important because different locations have different sensitivities to precipitation events, and some locations have different sensitivities to periods with precipitation and periods without. For example, a location that more effectively retains water in the soil will likely be more sensitive to heavy precipitation than to a lack of precipitation. Thus, two sets of duration factors, one each for dry periods and wet periods, are required for each location at which the PDSI is calculated. By automating the procedure Palmer used to calculate his duration factors, both sets of duration factors can be calculated dynamically for any location.
2) AUTOMATED CALCULATION OF THE DURATION FACTORS
The SC-PDSI establishes separate duration factors for wet and dry spells. The index duration factors are computed using the least-squares method for both extremely wet and extremely dry conditions, which will give two sets of m and b parameters such that
two instances of Eq. (18) are created: X 1 for dry spells and X 2 for wet spells.
Theoretically, the SC-PDSI could be calibrated to any category of drought and/or wet spell. However, calibrating to extreme wet and dry spells is the easiest to defend: 1) Palmer calibrated his index to extreme dry spells, and 2) a frequency of 1%-3% for extreme wet and dry conditions are defined in the literature (e.g., Guttman et al., 1992, and Hayes et al., 1999) , whereas there is no commonly accepted frequency of events for Palmer's other wet and dry categories.
As one would expect from a simple linear regression, there will be several points below and above a best-fit line of accumulated Z-index values over various lengths of time. That means that the PDSI will reach values below (above) −4.0 (4.0) on occasion. To make a line that is more representative of the most extreme periods of dryness (wetness), a new line needs to be created that is "lower" ("higher") than the true best-fit line, as shown in Fig. 2a Z . This means when calculating the PDSI, more weight will be given to the previous PDSI value and less to the current moisture anomaly. The change in the y-intercept has the effect of mapping a wider than expected range of the Z-index to the desired PDSI range of -4.0 to 4.0.
There is another problem with using a simple linear regression to identify the slope and yintercept of best-fit lines for extreme wet and dry conditions. Notice that neither line in Fig. 2a demonstrates was decided a better approach would be to check the correlation between the data points before performing the linear least squares regression on the data set. This is essentially what Palmer did when he drew his "best-fit" line.
Since Palmer placed more emphasis on short-term droughts than long-term droughts in computing his duration factors (Palmer, 1965) , it was decided to repeatedly throw out the point corresponding to the longest interval until a minimum threshold of ±0.85 for the linear correlation is attained. This threshold was determined by trial and error to give the best results in the High
Plains region. In the majority of sites with poor overall linear correlations, there was a good correlation among the first four data points. This fact led to the additional requirement of having at least four points from which to calculate the duration factors. In this example, if the last three points are ignored, the resulting correlation is -0.85983, which is above the threshold. Performing the regression on the remaining seven points, as described previously, results in the bottom portion of Fig. 2b . Figure 2b shows the approximations to the appropriate linear relationships for both extreme wet and dry periods. Notice that even though there was a poor correlation over the dry spells, there is a good correlation between the wet spells, and all ten points are used in the regression. The revised lines shown in Figure 2b represent the correct linear relationships between the most extreme periods of wetness and dryness and the respective lengths. The slope and yintercept terms for each line are used in Eqs. (19) and (20) to compute wet and dry duration factors for the site. The SC-PDSI program repeats this process automatically whenever it computes a PDSI value for a specified site.
c. Summary
The process of replacing all empirical constants in Palmer's procedure for calculating the PDSI has resulted in a process that is slightly more complicated than before. It is worthwhile to review the updated procedure step-by-step.
1. Calculate all moisture departures.
2. Calculate all moisture anomalies using K ′ of (1).
3. Calculate the duration factors, as described in Section 3.3.2, using the moisture anomalies computed in Step 2.
4. Calculate the PDSI using the moisture anomalies and duration factors computed in
Steps 2 and 3 respectively.
5. Find the 98 th and 2 nd percentile values of the PDSI.
6. Compute the new moisture anomalies using (9).
Calculate the SC-PDSI.
This is a more computational intensive process than Palmer's original procedure. However, the power of the current generation of computers means that the PDSI can be calculated in a matter of seconds, even for stations with over a hundred years of data.
Using the redefined climatic characteristic and a set of duration factors derived in the described manner to calculate the PDSI has several positive consequences:
• The range of the PDSI values is close to an expected range of -5.0 to 5.0, where values below -4 and above 4 represent extreme conditions.
• The sensitivity of the index is based upon the local climate.
• Different sensitivity to moisture and lack of moisture.
• The PDSI can be updated at different time intervals (e.g., weekly, bi-weekly, monthly, etc.).
The consequences of dynamically calculating the climatic characteristic and the duration factors have the overall effect of calibrating the index based on the actual characteristics of a given location. This means the conditions of any climate should be realistically represented by the index within the definition of the PDSI. In other words, the index should show an extreme drought only when the conditions exemplify an extreme drought relative to that area and not relative to some default location. Thus, the SC-PDSI will allow more accurate comparisons between different locations and times. The SC-PDSI will also give more statistically accurate results by showing severe and extreme readings less frequently than the current implementations of the PDSI, which often show extreme readings with a frequency much higher than one would expect, as shown in Section 5.
Methodology and Data Sources
The goal of this work was to improve the spatial comparability of the PDSI with as little change as possible to Palmer's process. The major changes are the redefined climatic characteristic and the automatic calculation of the duration factors, both of which were based on the procedure Palmer used to derive his climatic characteristic and duration factors. No attempts were made to address other previously documented deficiencies of the PDSI (e.g., the waterbalance model, Alley 1984) . Thus, the evaluation of the SC-PDSI is limited to time-series plots, analyses of the frequency of extreme conditions, plots showing the distribution of the index, and spatial comparisons of the frequency the index is above or below a threshold.
The analysis was conducted in two stages. In the first stage, monthly PDSI values were computed for 761 individual weather stations with at least 25 serially complete years of data in the states of Colorado, Kansas, Nebraska, North Dakota, South Dakota, Wyoming, and Montana.
Monthly index values computed using the SC-PDSI program were compared with values computed using a PDSI program developed by Karl et al. (2001) from the National Climatic Data Center (NCDC). Henceforth, the NCDC PDSI program is called the original PDSI program since Guttman et al. (1991 Guttman et al. ( , 1992 Guttman et al. ( , 1998 used it in previous studies.
Temperature and precipitation data for the 761 weather stations analyzed in the first stage were retrieved from the High Plains Regional Climate Center (HPRCC, 2002) . For qualified stations, the PDSI was calculated using all available years of data ranging from January 1880 to July 2002. The first four years were disregarded in the analysis as Guttman (1991) recommended.
To reduce the effects of backtracking, the last two years were also left out of the analysis. The AWC for each site was derived from the State Soil Geographic (STATSGO) database for the conterminous U.S., which is produced and maintained by the U.S. Geological Survey (USGS). Thus, the original and SC-PDSI programs were executed using the same data parameters that, as far as we can determine, were used by the CPC to generate their reported PDSI values.
The CPC, however, uses a different method to estimate the potential evapotranspiration and a different method to calculate K ′ than what is used is the original implementation of the PDSI.
This data set is serially complete and represents a large range of climates, which should give a good indication of how the three indices behave spatially.
Once the indices were obtained, the percent of time the PDSI values were in each category was calculated for each climate division. For each of the PDSI programs, a plot of the mean frequency of PDSI values in each category for the climate divisions was created. One standard deviation from the mean frequency was also computed for each category.
Results
The results of the study are organized by analysis method rather than the stages in which the study was conducted. 
b. Statistical Analysis
Palmer preformed some statistical analysis on his index with test locations in western Kansas and central Iowa (Palmer, 1965) . In western Kansas, he found that drought occurred 37%
of the time and wet periods 37% of the time. He explained the relatively low percentage of normal readings by the fact that "normal" weather occurs very infrequently, even at a monthly level, in western Kansas. In Iowa, drought was underway 32% of the months and a wet spell 50%.
Our results are similar to Palmer's in that we found that few of the individual 761 sites examined in the High Plains states had "normal" weather. Plots representing histograms of original and self-calibrated PDSI values resulted in multi-modal distributions for most of the sites. The SC-PDSI, on the other hand, has a near-normal distribution. The only irregularity in its distribution is that there is a slightly lower frequency of mild wet spells than mild dry spells.
Moreover, the frequency of extreme conditions is approximately 2%. Table 2 summarizes the statistical analysis for the 156 Nebraska sites, and Table 3 summarizes results for all 761 sites in the seven-state study region. The performance of the SC-PDSI algorithm came closer to the expected behavior of the PDSI than the original PDSI.
The first two rows of Table 2 Similar results can be observed for extreme wet spells.
The plot of the CPC reported PDSI values, shown in Fig. 8b , also has an irregular distribution. This distribution also appears to be slightly bi-modal, but has larger standard deviations for mild spells. The standard deviations for the frequency of wet spells, especially extreme wet spells, are much larger than the standard deviations for the frequency of dry spells.
The SC-PDSI, shown in Fig. 8c has a regular distribution, with very low variance of the frequency of extreme events. The variance increases as the categories decrease in severity. Of the 344 divisions, six have a frequency of extreme droughts between 5% and 6%, and three between 7% and 8%; the rest are below 5%. None of the divisions has a frequency of extreme wet spells above 4.99%.
c. Spatial Comparisons
A set of 12 maps was created to make spatial comparisons of the original, CPC reported, and SC-PDSI values over the 344 climate divisions in the conterminous U.S. Figure 9 performed extremely well on the eastern half of the U.S., where both were near the ideal, however they performed poorly in the western half. It appears that the CPC has calibrated their PDSI program for extreme droughts in such a way that it out performs the original PDSI program in extremely dry conditions, but reports wet conditions in portions of the west with much higher frequency. The SC-PDSI clearly performed better than the other two versions under wet conditions with no climate divisions reporting extreme wet spells more than 4.99% of the time. Figure 11 shows the frequency the original, CPC reported, and SC-PDSI values for the climate divisions are at or below -3. Overall, the SC-PDSI resulted in the most uniform reporting frequencies with 80% of the climate divisions reporting extreme or severe drought between 5%
and 9.99% of the time. Figure 12 shows the frequency the original, CPC reported, and SC-PDSI values for the climate divisions are at or above 3. Overall, the SC-PDSI resulted in the most uniform reporting frequencies with more than 80% of the climate divisions reporting extreme or severe wet spells between 5% and 9.99% of the time.
In summary, the SC-PDSI is more spatially comparable at the climate division level than either the original PDSI program or the CPC reported PDSI values. This result matches our spatial comparison of the original PDSI and SC-PDSI at the weather station site level in the study region.
Conclusion
The SC-PDSI addresses the recommendation made by Guttman et al. (1992) to modify the way the PDSI is computed to account for the expected variability of precipitation between locations. The SC-PDSI does this by automatically adjusting the climatic characteristic and calculating the duration factors based on the characteristics of the climate at a given location. As a result, the index performs more consistently and allows for more accurate comparisons of the index at different locations, as predicted by Guttman et al. (1992) .
In a study of all the climate divisions in the conterminous U.S., the SC-PDSI showed considerable improvement over the NCDC and CPC versions. It is important to note that while the SC-PDSI is more spatially comparable than either the NCDC or CPC versions, it is not as comparable as an index computed using non-linear methods (e.g., the Standardized Precipitation Index, McKee et al., 1993) . Nonetheless, a conscious effort was made in developing the SC-PDSI to follow the linear method proposed by Palmer. 12.00% -7.5 to -8 -7 to -7.5 -6.5 to -7 -6 to -6.5 -5.5 to -6 -5 to -5.5 -4.5 to -5 -4 to -4.5 -3.5 to -4 -3 to -3.5 -2.5 to -3 -2 to -2.5 -1.5 to -2 -1 to -1.5 -0.5 to -1 0 to -0.5 0.5 to 0 1 to 0.5 1.5 to 1 2 to 1.5 2.5 to 2 3 to 2.5 3.5 to 3 4 to 3.5 4.5 to 4 5 to 4.5 5.5 to 5 6 to 5.5 6.5 to 6 7 to 6.5 7.5 to 7 8 to 7.5
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